Hypoxia-inducible transcription factor (HIF) is regulated by two oxygen-dependent events that are catalyzed by the HIF prolyl 4-hydroxylases (HIF-P4Hs) and HIF asparaginyl hydroxylase (FIH). We have purified the three recombinant human HIF-P4Hs to near homogeneity and characterized their catalytic properties and inhibition and those of FIH. The specific activities of the HIF-P4Hs were at least 40-50 mol/mol/min, and they and FIH catalyzed an uncoupled decarboxylation of 2-oxoglutarate in the absence of any peptide substrate. The purified HIFP4Hs showed considerable activities even without added Fe 2+ , their apparent K m values for iron being markedly lower than that of FIH. Desferrioxamine and several metals were effective inhibitors of FIH, but surprisingly, ineffective inhibitors of the HIF-P4Hs in vitro, especially of HIF-P4H-2. Desferrioxamine and cobalt were more effective in cultured insect cells synthesizing recombinant HIF-P4H-2, but complete inhibition was not achieved and most of the enzyme was inactivated irreversibly. Cobalt also rapidly inactivated HIF-P4Hs during storage at 4°C. The well-known stabilization of HIF-α by cobalt and nickel is thus not due to a simple competitive inhibition of HIF-P4Hs. The effective inhibition of FIH by these metals and zinc probably leads to full transcriptional activity of HIF-α even in concentrations that produce no stabilization of HIF-α.
three recently identified cytoplasmic and nuclear HIF prolyl 4-hydroxylases (HIF-P4Hs 1-3, also known as PHDs 1-3, HPHs 3-1, and EGLNs 2, 1 and 3, respectively) (9-11), which are distinct from the well-characterized collagen prolyl 4-hydroxylases (C-P4Hs), which reside within the lumen of the endoplasmic reticulum (12) (13) (14) (15) (16) . All P4Hs are 2-oxoglutarate dioxygenases and require Fe 2+ , 2-oxoglutarate, O 2 , and ascorbate (12) (13) (14) , the K m values of the three human HIFP4Hs for O 2 being slightly above its atmospheric concentration (17) . Thus even small decreases in the O 2 concentration will inhibit the activities of the HIF-P4Hs so that HIF-1α and HIF-2α escape degradation and dimerize with HIF-β, this dimer then recognizing the HIF-responsive elements in a number of hypoxia-inducible target genes, such as those for erythropoietin (Epo), vascular endothelial growth factor (VEGF), and glycolytic enzymes (1) (2) (3) (4) .
Transcriptional activation is another key event that regulates HIF-α activity. Hydroxylation of a specific asparagine residue in the C-terminal transactivation domain of HIF-α prevents its interaction with the transcriptional coactivator p300 (18) . The asparaginyl hydroxylase responsible for this is identical to a previously known factor inhibiting HIF (FIH) (19, 20) . It also belongs to the 2-oxoglutarate dioxygenases and requires the same cosubstrates as the P4Hs (19) , but its catalytic and inhibitory properties are distinct from those of the HIF-P4Hs (21) .
Many metals inhibit the C-P4Hs competitively with respect to iron, the most effective inhibitors being zinc and cobalt (13) . Cobalt has also been reported to inhibit the activities of HIF-P4Hs and FIH, suggesting that it may occupy their Fe 2+ binding site (10, 22, 23) . A number of studies have shown that cobalt and nickel mimic hypoxia by stabilizing HIF-α (1, (24) (25) (26) , but it is currently unknown to what extent this stabilization is due to competitive inhibition of HIF-P4Hs, as cobalt and nickel have also been reported to deplete intracellular ascorbate levels favoring iron oxidation and thus possibly inactivation of these enzymes in cells (23) . Additional mechanisms suggested for the stabilization of HIF-α by cobalt include direct binding of this metal to HIF-α, thereby inhibiting its degradation by VHL-dependent (27, 28) and VHL-independent pathways (29) .
We report here on purification of the three recombinant human HIF-P4Hs to near homogeneity and studies on the effects of metals on the hydroxylases of the oxygen-sensing pathway by determining the apparent K m values of the three recombinant human HIF-P4Hs for Fe 2+ and studying inhibition of these enzymes and FIH by the iron chelator desferrioxamine (DFO). We also studied the inhibition of the activities of the HIF-P4Hs and FIH by various metals and the effects of some of these metals on the stabilization of HIF-1α and the expression of VEGF in cultured cells. Our data indicate that the apparent K m values of the HIF-P4Hs for Fe 2+ are markedly lower than those of the C-P4Hs and FIH and that DFO is an inefficient inhibitor of the HIF-P4Hs, while it is an efficient inhibitor of FIH and the C-P4Hs. Cobalt and nickel were likewise ineffective inhibitors of the HIF-P4Hs, especially HIF-P4H-2, and they are likely to stabilize HIF-1α by mechanisms other than competitive inhibition of HIF-P4Hs with respect to iron. Several metals, especially zinc, cobalt, and nickel, were highly effective competitive inhibitors of FIH, and thus its inhibition is likely to contribute to the increased expression of VEGF, Epo, and other products of HIF target genes in cells treated with cobalt and nickel.
MATERIALS AND METHODS

Expression of recombinant HIF-P4Hs and FIH in insect cells and purification of the enzymes
The FLAGHis tag was amplified by PCR from the plasmid d28e6 (Fibrogen) and cloned into the 3′ ends before the stop codons of the recombinant human HIF-P4H 1, 2, and 3 cDNAs in the pVL baculovirus expression vector (17) . The recombinant vectors were cotransfected into Spodoptera frugiperda Sf9 cells with BaculoGold DNA (PharMingen) by calcium phosphate transfection, and the recombinant viruses were amplified (30) .
FLAGHis-tagged HIF-P4Hs 1-3 and FIH (21) and GST-tagged HIF-P4Hs 1 and 3 (17) were expressed in H5 cells cultured in suspension in Sf900IISFM serum-free medium (Invitrogen). The cells, seeded at a density of 1 × 10 6 /ml, were infected with the corresponding viruses at a multiplicity of 5 and harvested 72 h after infection, washed with a solution of 0.15 M NaCl and 0.02 M phosphate, pH 7.4, and homogenized in a 0.1 M NaCl, 0.1 M glycine, 10 µM dithiothreitol (DTT), 0.1% Triton X-100, and 0.01 M Tris buffer, pH 7.8. The soluble fractions were used directly for enzyme assays or subjected to further purification to near homogeneity with an anti-FLAG M2 affinity gel (Sigma) (21) in the case of the FLAGHis-tagged enzymes. FeSO 4 , 1 or 5 µM, was added to all the buffers during purification of the HIF-P4Hs.
Enzyme activity assays
HIF-P4H and FIH activities were assayed by a method based on the hydroxylation-coupled decarboxylation of 2-oxoglutarate with the synthetic HIF-1α peptides DLDLEMLAPYIPMDDDFQL and DESGLPQLTSYDCEVNAPIQGSRNLLQGEELLRAL (Innovagen, the residues corresponding to Pro 564 and Asn 803 being underlined) as substrates as described (17, 21, 31) , except that the Fe 2+ concentration was reduced from 10 µM to 5 µM in the FIH assay. The specific activities of the purified HIF-P4Hs were corrected for saturating concentrations of the peptide substrate, 2-oxoglutarate, and oxygen. The effects of temperature and bovine serum albumin (BSA) on the activity of HIF-P4H-2 were studied with crude Triton X-100 extracts and the purified enzyme.
The K m values of HIF-P4Hs for Fe 2+ were determined by varying its concentration, while the concentrations of the other reactants were kept constant. The IC 50 values of metals for HIF-P4Hs were determined by varying the metal concentration and by using Triton X-100 extracts expressing HIF-P4Hs 1-3 or purified HIF-P4Hs 1-3 as enzyme sources. BSA was omitted when Triton X-100 extracts were used. The K i values for purified FIH were determined by adding the metals at 4-5 constant concentrations, whereas the concentration of Fe 2+ or the peptide substrate was varied. The IC 50 values of metals for purified recombinant human type I C-P4H (32) were determined using the standard C-P4H assay with (Pro-Pro-Gly) 10 as a substrate (31) .
Inactivation of HIF-P4Hs 2 and 3 by cobalt was studied by incubating Triton X-100 extracts with 100 µM CoCl 2 for 4 and 24 h at 4°C. Control incubations were performed in a buffer with no added metal or with 100 µM iron. The enzyme activity was then assayed as above in a 1:50 dilution, which resulted in a 2 µM final concentration of cobalt in the reaction mixture. The iron concentration was 5 µM, with the exception of the samples preincubated with this metal, in which case its final concentration was 7 µM.
The activity of HIF-P4H-2 synthesized in the presence of cobalt or DFO was studied by infecting insect cells with a virus encoding FLAGHis-tagged HIF-P4H-2 for 48 h in a medium containing 100-1000 µM CoCl 2 or 100-300 µM DFO. The cells were harvested as above, and the soluble fractions were used for enzyme assays in a 1:15 dilution using reaction mixtures containing no added Fe 2+ , or 50 or 600 µM Fe
2+
. The amount of enzyme present in the soluble fractions was analyzed by 10% SDS-PAGE under reducing conditions followed by Western blotting with a HIF-P4H-2 antibody (anti-PHD2, Bethyl Laboratories) and ECL TM immunodetection (Amersham Biosciences). The levels of HIF-P4H-2 expression were compared by densitometry of the ECL films using a GS-710 calibrated imaging densitometer (Bio-Rad).
Stabilization of HIF-1α in cell lines
Human embryonic kidney cells (HEK293) and hepatocellular carcinoma cells (Hep3B) were obtained from the American Type Culture Collection and cultured in Dulbecco's (Biochrom) and Eagle's (Sigma) minimal essential medium, respectively, with 10% fetal bovine serum (BioClear). They were then subcultured at a density of 1 × 10 5 cells/cm 2 and grown overnight. The cells were washed twice with a solution of 0.15 M NaCl and 0.02 M phosphate, pH 7.4, and incubated in Optimem (Invitrogen) for 20 h with increasing concentrations of various metals. In the control experiments, they were treated with 25 µM 3-carboxy-4-oxo-3,4-dihydro-1,10-phenanthroline (11, FibroGen Inc.) or subjected to hypoxia by culturing in an airtight incubator (Billups-Rothenberg) under 1% O 2 balanced with N 2 ; 10 µM HEPES were added to the medium to maintain the pH under hypoxic culture. The medium samples were collected and cell extracts were obtained by lysing the cells in 150 mM NaCl, 0.1% SDS, 20 mM Tris-HCl, pH 6.8, supplemented with complete protease inhibitor cocktail (Roche). The cell extracts were analyzed by 8% SDS-PAGE under reducing conditions followed by Western blotting with a monoclonal antibody against human HIF-1α (BD Biosciences) and ECL TM immunodetection.
Analysis of the production of VEGF
The VEGF concentrations in the medium samples from a comparable number of cells were measured using the Quantikine human VEGF immunoassay (R&D Systems) according to the manufacturer's instructions.
RESULTS
Isolation of the three human HIF-P4Hs as homogenous proteins
The FLAGHis-tagged HIF-P4Hs were expressed in insect cells, which were harvested 72 h after infection and homogenized in a buffer containing Triton X-100. The recombinant HIF-P4Hs were purified by anti-FLAG affinity chromatography and analyzed by SDS-PAGE followed by Coomassie blue staining (Fig. 1) . The enzymes were almost pure after the one-step purification (Fig. 1) . The HIF-P4Hs, especially isoenzymes 1 and 3, easily became inactivated during purification, but this could be prevented by the addition of 1-5 µM Fe 2+ to all the buffers throughout the purification of all three isoenzymes. The specific activities of the purified HIFP4Hs were calculated from the highest activity values obtained, by correcting them for saturating concentrations of the peptide substrate, 2-oxoglutarate, and oxygen and the minor amounts of impurities present and were found to be ~40-50 mol/mol/min for all three HIF-P4Hs (Table 1) . These values are in good agreement with those estimated previously based on measurements with crude insect cell extracts containing the recombinant enzymes (17) . The specific activities of the recombinant HIF-P4Hs are about one-third and one-tenth of the highest values reported for purified recombinant human FIH (21) and type I C-P4H (32) but are very close to the highest values for the three isoenzymes of recombinant human lysyl hydroxylase (LH) (33), another 2-oxoglutarate dioxygenase involved in collagen synthesis (13) ( Table 1 ).
The C-P4Hs and LHs catalyze in the presence of all cosubstrates but in the absence of any peptide substrate an uncoupled decarboxylation of 2-oxoglutarate (12) (13) (14) 34) at rates of ~2.6-2.8 mol/mol/min ( Table 1 ). The HIF-P4Hs were also found to catalyze uncoupled 2-oxoglutarate decarboxylation, its rate being ~1.3-1.6 mol/mol/min, i.e., about half of those of the C-P4Hs and LHs ( Table 1 ). The rate of uncoupled decarboxylation was also determined for purified recombinant FIH and found to be ~0.5 mol/mol/min, being thus somewhat lower than those of the other hydroxylases ( Table 1) .
Effect of bovine serum albumin on the activities of the HIF-P4Hs
The addition of BSA to the reaction mixture is necessary to obtain maximal activity of the purified C-P4Hs (31) . Its action has been explained in part by a nonspecific stabilizing protein effect, but the effect is in part more specific and may be due to the presence of free thiol groups in BSA (31) . The effects of BSA on the activities of a crude HIF-P4H-2 preparation, i.e., a Triton X-100 extract, and a highly purified HIF-P4H-2 were studied at different temperatures. BSA had no effect on the activities with the crude enzyme samples, whereas it increased the activity with the purified HIF-P4H-2 at 37°C and 20°C, but not at 4°C, the activities obtained at 37°C and 20°C without BSA being 68 and 75% of those obtained in its presence (Table 2) . BSA thus has a stabilizing effect on purified, but not crude, HIF-P4H-2 preparations during the standard enzyme reaction at 37°C.
Effect of Fe 2+ on the activities of the HIF-P4Hs
Crude HIF-P4Hs have previously been found to retain partial activity even in the absence of added Fe 2+ (17) . The same phenomenon was found here with purified HIF-P4Hs, e.g., HIF-P4H-2 retained ~50% of its maximal activity when diluted so that the final Fe 2+ concentration in the reaction mixture was only 10 nM, and HIF-P4H-3 purified in the absence of any iron retained 37% (details not shown). Apparent K m values for Fe 2+ could therefore be determined only using HIF-P4Hs that already had a considerable activity without any iron addition, and it should thus be stressed that they do not represent true K m values. The apparent K m values for Fe 2+ were very low, ~0.03 µM, in the case of HIF-P4Hs 1 and 2, and slightly higher, ~0.1 µM in that of HIF-P4H-3, being thus 5-to 15-fold and 20-to 65-fold lower than the K m values of FIH and C-P4H-I, respectively ( Table 3 ). The maximal activities of both crude and purified HIF-P4H preparations were obtained when Fe 2+ was present in the reaction mixture at a 1-5 µM concentration, the activities decreasing with higher concentrations, e.g., crude HIF-P4H-3 preparations retaining 80% of their maximal activity at 50 µM Fe 2+ (details not shown), a concentration that is optimal for the C-P4Hs (31).
Effect of desferrioxamine on the activities of the HIF-P4Hs and FIH
Iron chelators such as DFO stabilize HIF-α and lead to activation of its target genes (5, 6) , and its addition has been shown to inhibit the ability of reticulocyte lysates programmed with HIF-P4Hs 1-3 to promote the interaction between HIF-1α and VHL (10) . We studied here the effect of DFO on the activities of recombinant HIF-P4Hs and FIH at a 5 µM Fe 2+ concentration. Surprisingly, up to 1 mM DFO did not inhibit the crude HIF-P4H-2 preparations at all and inhibited crude HIF-P4H-1 only by 10-20%, this inhibition level being constant between 10 µM and 1 mM DFO (data not shown). In contrast, crude HIF-P4H-3 was inhibited by 50% with 10 µM DFO ( Fig. 2A) , the IC 50 for purified FIH being 8 µM (data not shown). Crude HIF-P4H-3 was not completely inhibited at higher concentrations, however, as 25% of the activity remained at 1 mM DFO ( Fig. 2A) , whereas FIH was totally inhibited at 25 µM DFO (data not shown). Purified HIF-P4Hs 1, 2 and 3 were all inhibited by 40-50% with 10 µM DFO, the level of inhibition of HIF-P4H-1 increasing only to ~60% and that of HIF-P4H-2 remaining steady around 40-45% up to 1 mM DFO ( Fig. 2B and C) , while the level of inhibition of purified HIF-P4H-3 increased to ~90% (details not shown). HIF-P4Hs 1 and 2 thus bind Fe 2+ particularly firmly, these data being in agreement with their very low apparent K m values for Fe 2+ .
Inhibition of the HIF-P4Hs by various metals
Many divalent metals inhibit the collagen hydroxylases competitively with respect to Fe 2+ , the most potent of these being zinc, with a K i of 0.6 µM for C-P4H-I (13, 14) . We determined here the IC 50 values of the three HIF-P4Hs for various metals using both crude Triton X-100 extracts and purified enzyme preparations.
Cobalt is a classic hypoxia mimic that stabilizes HIF-α at a 100 µM concentration (25 and below). It was found to inhibit all three HIF-P4Hs rather ineffectively, however. Crude HIF-P4H-2 preparations were inhibited by only ~20% with 100 µM cobalt and by ~40% even with a 2 mM concentration ( Fig. 3A ; Table 4 ). Crude HIF-P4Hs 1 and 3 were inhibited slightly more effectively, their IC 50 values being ~70 µM (Table 4) , but the extent of inhibition remained at 50-65% even with a 500 µM concentration (details not shown). Purified HIF-P4Hs 1, 2, and 3 had IC 50 values of ~40, 100, and 10 µM, respectively, but the inhibition of HIF-P4Hs 1 and 2 increased only to slightly above 50 and ~60% at higher concentrations ( Fig. 3B and C; Table 4 ), while inhibition of HIF-P4H-3 increased to ~80-85% (details not shown). The IC 50 of C-P4H-I for cobalt in the presence of 50 µM iron was ~15 µM (Table 4) .
Nickel is another well-known stabilizer of HIF-α (22, 26) . It was even less effective than cobalt, crude HIF-P4H-2 being inhibited by only 15% with a 100 µM concentration and no more than 25% even with 1 mM (details not shown). Crude HIF-P4H-1 was inhibited by 25% with a 200 µM concentration and 45% with 1 mM, while crude HIF-P4H-3 showed inhibition by 30% with a 100 µM concentration, 45% with 200 µM and 70% with 1 mM (details not shown), the IC 50 being ~300 µM (Table 4) . Purified HIF-P4Hs 1, 2, and 3 were inhibited slightly more effectively, HIF-P4H-1 having an IC 50 of ~130 µM (Table 4) , while 65% inhibition was reached with a 1 mM concentration, and HIF-P4H-2 was inhibited by 15-20% with a 100 µM concentration, 30% with 200 µM and 45% with 1 mM (details not shown), HIF-P4H-3 having an IC 50 of ~120 µM ( Table 4 ). The IC 50 of C-P4H-I for nickel was ~40 µM (Table 4) .
Among the other metals studied, zinc was the most efficient inhibitor of HIF-P4H-3, with an IC 50 of 3-4 µM for both crude and purified preparations, and 100% inhibition was reached at 50 µM ( Fig. 3D ; Table 4 ). In contrast, zinc was an inefficient inhibitor of HIF-P4Hs 1 and 2, the IC 50 values of the crude preparations being 140 and more than 500 µM, respectively (Table 4) , and those of the purified preparations ~30 and 130 µM ( Fig. 3E and F ; Table 4 ). Inhibition of all three HIF-P4Hs with zinc was nevertheless markedly more efficient than that with cobalt at high metal concentrations (Fig. 3) . Cadmium also inhibited all three HIF-P4Hs, purified HIF-P4Hs 1 and 3 having the lowest IC 50 values, 12 and 5 µM (Table 4) , the IC 50 of purified HIF-P4H-2 being 130 µM (Table 4) . Magnesium and manganese were the least potent inhibitors of all three HIF-P4Hs, with IC 50 values of over 1 mM (Table 4) , these two metals also being very ineffective inhibitors of C-P4H-I (Table 4 ). The modes of inhibition of the HIF-P4Hs by various metals with respect to Fe 2+ could not be studied, as the preparations retained high activities even without any added iron (see above).
Inhibition of FIH by various metals
Inhibition of FIH was studied with the same metals as the HIF-P4Hs but using only purified enzyme. The K m of FIH for iron is ~5-to 15-fold higher than those of the HIF-P4Hs (Table 3) , and the purified FIH preparations, unlike those of the HIF-P4Hs, showed only low activity levels without added iron (details not shown). Therefore, the mode of inhibition of FIH by metals could be analyzed, and K i values could be determined by adding the metals at 4-5 constant concentrations, while the concentration of iron or the peptide substrate was varied. Inhibition of FIH by metals was competitive with respect to iron (as shown for zinc and cobalt in Fig. 4 ) and noncompetitive with respect to the peptide substrate (data not shown). Most metals inhibited FIH much more effectively than they did the HIF-P4Hs (Table 4) . Zinc was the most potent FIH inhibitor, with a K i of 0.5 µM, which is essentially identical to that of C-P4H-I and 8-fold lower than the IC 50 of purified HIF-P4H-3 and 60 and 260-fold lower than those of purified HIF-P4Hs 1 and 2 (Table 4) . Cobalt and nickel were also very potent FIH inhibitors, with K i values of 1 and 4 µM, respectively, these values also being much lower than the lowest corresponding IC 50 values for any of the HIF-P4Hs (Table 4) . FIH was also efficiently inhibited by cadmium and manganese, with a K i of 10 µM in both cases (Table 4) , magnesium being the only metal tested that was a poor inhibitor (Table 4) .
Effects of cobalt and DFO on the synthesis of HIF-P4H-2 in insect cells and the in vitro activity of the synthesized enzyme
The activity of a recombinant HIF-P4H synthesized in the presence of cobalt or DFO was studied by expressing FLAGHis-tagged HIF-P4H-2 in insect cells that were cultured for 48 h in a medium containing increasing amounts of CoCl 2 or DFO. The cells were harvested and expression of HIF-P4H-2 was analyzed by SDS-PAGE followed by Western blotting (Fig. 5) . Cobalt had no effect on the amount of HIF-P4H-2 synthesized (Fig. 5, lane 2) , while 300 µM DFO led to an ~50% reduction in the amount of enzyme protein (Fig. 5, lane 4) . A significant percentage of the HIF-P4H-2 produced in the presence of cobalt or DFO became inactivated during synthesis, 100, 500, and 1000 µM CoCl 2 leading to inactivation by ~40, 55, and 70%, respectively, and 100 and 300 µM DFO by 75-80% when expressed per unit enzyme protein ( Table 5 ). The activity of the enzyme synthesized in the presence of CoCl 2 could not be increased by adding iron to the in vitro reaction mixture, indicating that it was inactivated irreversibly, whereas the enzyme synthesized in the presence of DFO, and thus in the absence of free iron, could be re-activated by iron additions to some extent, although still very ineffectively ( Table 5) .
Effect of cobalt and iron on the stability of crude preparations of HIF-P4Hs 2 and 3
Crude samples of HIF-P4Hs 2 and 3 were incubated in the presence of 100 µM concentrations of cobalt or iron for 4 and 24 h at 4°C. Activity assays were then performed with samples diluted 1:50 in the reaction mixture, thus resulting in a 2 µM final concentration of cobalt, i.e., markedly below the IC 50 values of >1000 and 70 µM for crude HIF-P4Hs 2 and 3, respectively. Since the concentration of iron in the reaction mixture was 5 µM, its final concentration in samples preincubated in the buffer containing iron was 7 µM. HIF-P4Hs 2 and 3 lost ~50 and 60% of their activities, respectively, after preincubation with cobalt for 4 h, and 95 and 100% after preincubation for 24 h, while the control enzyme samples lost only ~45 and 60% during 24 h (Fig. 6) . Iron protected the enzymes from inactivation, the activities of HIF-P4Hs 2 and 3 after a 4 h preincubation with iron being ~130 and 110% of the control values and those after 24 h 160% and 190% (Fig. 6) .
Effect of cobalt, nickel, and zinc on the stabilization of HIF-1α and the production of VEGF in human HEK and Hep3B cells
Stabilization of HIF-1α by cobalt, nickel, and zinc in HEK293 and Hep3B cells was studied by culturing them in the presence of increasing metal concentrations for 20 h. In control experiments cells were treated with a P4H inhibitor, 3-carboxy-4-oxo-3,4-dihydro-1,10-phenanthroline (11), or cultured under hypoxia. Cell extracts were prepared and analyzed by 8% SDS-PAGE under reducing conditions followed by Western blotting with a HIF-1α antibody. As expected, in addition to treatment with the 3-carboxy-4-oxo-3,4-dihydro-1,10-phenanthroline or culturing under hypoxia, treatment with cobalt or nickel led to stabilization of HIF-1α, this being observed in both cell types with 100 µM cobalt and 200 µM nickel, whereas lower concentrations produced no detectable stabilization (as shown for Hep3B cells in Fig. 7 ). Zinc caused no stabilization at concentrations up to 1 mM (as shown for 25 and 100 µM concentrations for Hep3B cells in Fig. 7 ).
Expression of VEGF was studied by measuring its amount in medium samples collected from comparable numbers of cells cultured in the presence of increasing metal concentrations. Cobalt and nickel were efficient inducers of VEGF expression in both the HEK and Hep3B cells, but their effect was more marked in the former (Table 6 ). Even 10 µM cobalt increased the VEGF production to 150% of the control value in HEK cells (P<0.05), while 25 µM cobalt increased the production to 190% in HEK and 130% in Hep3B cells (P<0.001 and P<0.05, respectively, Table 6 ). The expression increased further at higher concentrations, being 1040 and 380% with 300 µM cobalt in the HEK and Hep3B cells, respectively, but decreased slightly with still higher concentrations ( Table 6) . No statistically significant increase in VEGF expression was achieved with nickel at concentrations below 100 µM, this concentration increasing the expression level to 190% (P<0.01) in the HEK cells, whereas a 200 µM concentration was required to obtain a statistically significant increase to 180% (P<0.001) in the Hep3B cells (Table 6 ). The expression increased to 1400 and 290% with 500 µM nickel in HEK and Hep3B cells, respectively (Table  6 ). Although zinc caused no detectable stabilization of HIF-1α, it did cause a slight increase in VEGF production at very low concentrations, 10 µM zinc increasing it to 150% in both cell types (P<0.05), while 50 µM zinc gave levels of 170% (P<0.01) and 220% (P<0.001) in the HEK and Hep3B cells, respectively, with no further increase being seen at 100 µM zinc (Table 6 ). Higher concentrations caused detachment of the cells from the plates and abolished their VEGF expression.
DISCUSSION
The three recombinant HIF-P4Hs were purified here to near homogeneity from insect cells for the first time. Our previous attempts to express them in E. coli had resulted in totally inactive preparations (17) , while others had succeeded in expressing them in E. coli with some activity (10, 35) . The specific activities of the enzymes purified here, ~40-50 mol/mol/min, are nevertheless at least seven orders of magnitude higher than the value of 12 × 10 −6 mol/mol/min reported for a highly purified HIF-P4H-1 produced in E. coli (35) , although lower than the highest values reported for purified recombinant human FIH (21) and type I C-P4H (32), 135 and 400 mol/mol/min, respectively. Even so, they come very close to the highest values reported for the three recombinant human LH isoenzymes, ~65 mol/mol/min (33) . It should be noted that although the specific activities were corrected to saturating reactant concentrations, these values are also dependent on the peptide substrates used in the assay. The value for C-P4H-I was determined with (Pro-Pro-Gly) 10 , which gives the same V max as nonhydroxylated collagen chains (13) and probably represents the highest value, whereas it is unknown whether full-length HIF-1α would give the same activity as the 19-residue peptide used here or a higher value. Furthermore, certain amino acid substitutions in a HIF-1α-like peptide increase its V max values for all three HIF-P4Hs to 120% (36) , while the V max values of the three isoenzymes with a 20-residue peptide having a HIF-3α sequence are 120-150% of those with the 19-residue peptide used here (17) . It is thus obvious that the specific activities of the HIF-P4Hs measured with more effective substrates would range to at least ~70 mol/mol/min. The HIF-P4Hs also resembled the C-P4Hs, LHs, and FIH in that they catalyzed uncoupled 2-oxoglutarate decarboxylation in the absence of the peptide substrate at a rate that is about a half of those of the C-P4Hs and LHs but almost three times that of FIH.
Measurements of HIF-P4H activities by mobility shift and pull-down assays with a HIF-1α fragment as a substrate have suggested that HIF-P4H-2 may have a considerably higher specific activity than the other two isoenzymes (22) . Our data do not support these estimates, as the specific activities of the three HIF-P4Hs were highly similar, if not identical, the highest value being measured for HIF-P4H-3. Very recent measurements of specific activities of the endogenous HIF-P4Hs in cell extracts have given values of ~20 mol/mol/min for HIF-P4Hs 2 and 3 and somewhat lower for HIF-P4H-1 (37) , these values, which were not corrected for saturating reactant concentrations, being in a good agreement with those determined here for the purified recombinant enzymes. It should be noted that the highly similar specific activities do not indicate that the three HIF-P4Hs are equally effective in intact cells, as their cellular activities are also dependent on other factors, such as the amounts of the various enzyme proteins in the cells (see below) and the cellular locations of the three isoenzymes. . Even purified HIF-P4H preparations showed considerable activity levels without any iron addition, and the apparent K m values of isoenzymes 1 and 2 for iron were >15-and 65-fold lower and that of isoenzyme 3 five-and 20-fold lower than the K m values of FIH and C-P4H-I, respectively. The optimal iron concentration in the enzyme reaction mixture, 1-5 µM, was also much lower than the 50 µM for the C-P4Hs (31).
The total cellular iron concentrations range between 20-100 µM, but only a minor component is present in a labile iron pool that is readily available for various physiological uses (38) . Measurements with a method based on in situ generation of fluorescent calcein suggest that the average levels of this pool in cultured cells range between 0.3-0.8 µM, whereas measurements based on fluorescein-phenanthroline give values about one order of magnitude higher, the cytoplasmic concentrations being similar to the cellular concentrations (38) . It thus seems very likely that the cytoplasmic labile iron concentrations are much higher than the K m values of the HIF-P4Hs. The concentrations measured by the latter method are also well above the K m of FIH for iron, whereas the values measured by the fluorescent calcein are similar to this K m .
In agreement with the firm iron binding, the effect of DFO on the HIF-P4Hs also differed markedly from those of FIH and C-P4H-I. Its addition to the reaction mixture in concentrations of up to 1 mM gave no inhibition of crude HIF-P4H-2 and only a very weak inhibition of crude HIF-P4H-1. Crude HIF-P4H-3 was already inhibited by 50% with 10 µM DFO, but even this isoenzyme could not be inhibited completely with high DFO concentrations, whereas FIH was completely inhibited by 25 µM DFO. These results support the notion of a firm Fe 2+ binding by the HIF-P4Hs, especially of isoenzymes 1 and 2. DFO may not be able to enter the cosubstrate binding sites of any of the HIF and collagen hydroxylases, the effective inhibition found with FIH and the C-P4Hs probably being due to chelation of the free Fe 2+ from the reaction mixture. As the HIF-P4Hs bind iron very effectively, they retained most of their in vitro activity even when all the free Fe 2+ had been chelated, while the bound Fe 2+ diffused out of the enzymes only to a low extent.
The addition of DFO to insect cells synthesizing HIF-P4H-2 produced a more effective inhibition than its addition to the enzyme reaction, but complete inhibition was still not obtained, whereas in the case of the C-P4Hs the addition of iron chelators to cultured cells produces an effective and complete inhibition of both the pre-existing enzyme and that synthesized in the presence of the chelator (13, 31) . The HIF-P4Hs also differed from the C-P4Hs in that the activity of the iron-free C-P4Hs could easily be restored by the addition of iron to the reaction mixture (13, 31) , whereas most of the iron-free HIF-P4H-2 synthesized in the presence of DFO could not be re-activated. These data agree with our findings that iron prevents inactivation of crude HIF-P4H preparations (Fig. 6 ) and stabilizes the enzymes during purification. The decreased amount of HIF-P4H-2 protein seen in insect cells in the presence of 300 µM DFO may be due to decreased stability of the iron-free enzyme, and thus its increased degradation, although a nonspecific toxicity of the high DFO concentration may have contributed to this effect.
Many metals inhibit the C-P4Hs competitively with respect to Fe 2+ (13) . We therefore expected that metals would be effective competitive inhibitors of the HIF-P4Hs and FIH as well. Several metals were indeed effective competitive inhibitors of FIH, with K i values similar to or even lower than their IC 50 values for C-P4H-I (Table 4 ), but surprisingly, most metals were ineffective inhibitors of the HIF-P4Hs, in particular of HIF-P4H-2. An additional surprising finding was that the HIF-P4H-2 synthesized in the presence of cobalt in insect cells was inactive and could not be re-activated by the addition of iron to the reaction mixture, whereas cobalt, like the other metals tested, caused a typical competitive inhibition of FIH and the C-P4Hs. Cobalt also rapidly inactivated crude HIF-P4Hs during storage at 4°C (Fig. 6 ). This may be in part due to replacement of the iron at the catalytic site by cobalt, with a subsequent inactivation, and in part to other toxic effects of cobalt on the HIF-P4Hs. HIF-P4H-3 showed the lowest IC 50 values among the three HIF-P4Hs in the case of most of the metals, although not all, its IC 50 for zinc in particular being only 3-4 µM in the cases of both crude and purified preparations and 100% inhibition being obtained with a 50 µM concentration. This finding is in agreement with the less firm iron binding and more effective DFO inhibition of HIF-P4H-3 than of the other two HIFP4Hs.
The identification of the HIF-P4Hs as 2-oxoglutarate dioxygenases (9-11) suggested in itself that the well-known stabilization of HIF-α by cobalt and nickel (1, 24-26) might be due to competitive inhibition of the HIF-P4Hs with respect to iron. Evidence has been presented to support this suggestion (10, 22, 23) , but cobalt and nickel have also been reported to deplete intracellular ascorbate levels favoring iron oxidation and thus possibly inactivation of these enzymes in cells (23) and to become bound to HIF-α, thereby inhibiting its degradation via VHL-dependent (27, 28) and VHL-independent (29) pathways (Fig. 8) . In the present experiments, cobalt and nickel inhibited crude preparations of HIF-P4H-2, which is by far the most abundant and hence the most critical isoenzyme in most cell types (39, 40) , by only 20-25% at concentrations of 100 and 200 µM, respectively, these concentrations of the two metals being required to stabilize HIF-1α in cultured HEK and Hep3B cells to an extent detectable by Western blotting. Although cobalt was more effective in inactivating HIF-P4H-2 during a 48 h production in insect cells, even here a 100 µM concentration inactivated the enzyme by only 35% when the activity was expressed per unit total protein or 45% when expressed per unit enzyme protein.
The function of the HIF-P4Hs as effective O 2 sensors requires that they should be present in cells at close to limiting concentrations, so that even a small decrease in the O 2 concentration will reduce their cellular activities to such an extent that it leads to stabilization of HIF-α. The possibility cannot be excluded, therefore, that even the relatively small decreases in the HIF-P4H activities caused by cobalt and nickel are sufficient for HIF-α stabilization. It seems very likely, however, that the other reported stabilization mechanisms (23, (27) (28) (29) may at least contribute to, or even be more important than, inhibition of the HIF-P4Hs (Fig. 8) . The highly effective inhibition of FIH by these metals means that the stabilized HIF-α is transcriptionally fully active (Fig. 8) . It has recently been shown that siRNA-mediated FIH suppression increases the expression of HIF target genes even in normoxic cells, which thus probably have low levels of HIF-α (41). It is therefore noteworthy that cobalt increased here VEGF production by HEK cells significantly even at 10 µM concentration, and it has been reported to increase Epo production by Hep3B cells likewise at 10 µM concentration (24) . As these concentrations are well below those required for any detectable stabilization of HIF-α, these increases in VEGF and Epo production are likely due to effective inhibition of FIH leading to transcriptional activation of the low levels of HIF-α present even in normoxic cells (Fig. 8) .
Although zinc was an effective inhibitor of HIF-P4H-3, and a much more effective inhibitor of all three HIF-P4Hs than nickel, it did not stabilize HIF-1α in cultured HEK and Hep3B cells. Furthermore, it has been reported to cause no increase in Epo production by Hep3B cells even at a 500 µM concentration (24, 42) , although it was found here to be a highly effective inhibitor of FIH. This has been explained by the ability of zinc to inhibit nuclear translocation of HIF-β, resulting in HIF inactivation (42) . In addition, high zinc concentrations induce a HIF-1α splice variant that inhibits HIF activity (43) . Our data indicate that zinc caused a significant increase in VEGF production by HEK and Hep3B cells even at 10 µM concentration, the maximal effect being seen at 50-100 µM, while the effect disappeared completely at 300 µM. This effect is very likely to be due to the highly efficient inhibition of FIH by zinc, and thus to the expression of the full transcriptional activity of the small amounts of HIF-α that are present in normoxic cells (41) . and inhibition of a crude HIF-P4H-3 preparation (D) and purified HIF-P4Hs 1 (E) and 2 (F) by zinc. Highly similar data were obtained in at least 3 independent experiments (see Table 4 for means ± SD).
Page 24 of 29 (page number not for citation purposes) , while the concentration of iron was varied. K i values were calculated from the plots of the slopes of the lines in A and B at the inhibitor concentrations studied (insets), the intercept on the x-axis being equal to -K i . Essentially identical K i values were measured in at least 3 independent experiments (see Table 4 for means ± SD). were incubated in the presence of 100 µM cobalt for 4 (black bars) and 24 h (gray bars) at 4°C. In control experiments, incubations were carried out in a buffer with no added metal or with 100 µM iron. Enzyme activity was assayed in 1:50 dilutions of the samples, resulting in a 2 µM final concentration of cobalt in the reaction mixture. Reaction mixtures contained 5 µM iron, with the exception of the samples preincubated in the presence of this metal, in which case final iron concentration in activity assay was 7 µM. Activities measured in 3 independent experiments are given as means ± SD relative to those obtained in HIF-P4H 2 and 3 samples incubated for 4 h in a buffer with no added metal. Statistical significances were analyzed by the Student's t test. Losses in HIF-P4H-2 and HIF-P4H-3 activities in samples preincubated in buffer containing no added metal for 24 h were statistically significant at P < 0.01 and P < 0.001, respectively. Protection of HIF-P4H-2 and HIF-P4H-3 activity by the presence of iron during preincubation for 4 h was not statistically significant (P=0.06 and P=0.17, respectively) but was significant after 24 h (P=0.01 and P=0.04, respectively). Loss of activity caused by cobalt was statistically significant in all cases (P<0.01 after 4 h and P<0.001 after 24 h for both enzymes). Under normoxic conditions HIF-1α is hydroxylated by the HIF-P4Hs and FIH. Proline hydroxylation leads to binding of HIF-1α to the VHL E3 ubiquitin ligase complex, followed by its rapid proteasomal degradation, while asparagine hydroxylation prevents binding of the transcriptional coactivator p300. B) Low cobalt concentrations cause no stabilization of HIF-1α and no inhibition of HIF-P4Hs, but FIH is effectively inhibited, which allows binding of p300 and thus expression of the full transcriptional activity of the small amounts of HIF-1α that are present even in normoxic cells (41) . This leads to slight up-regulation of HIF target genes. C) Higher cobalt concentrations cause stabilization of HIF-1α and a marked up-regulation of its target genes. This may be due to at least 3 mechanisms, partial inhibition of HIF-P4Hs; depletion of ascorbate (23) , which is required to maintain the HIF-P4Hs and FIH in an active state; and/or direct binding of cobalt to HIF-1α, which may prevent its degradation by VHL-dependent and VHL-independent pathways (27) (28) (29) .
